The concept of a variable-counting-time (VCT) strategy for use in Rietveld analysis of X-ray powder diffraction data was introduced by Madsen & Hill [Adv. X-ray Anal. (1992), 35, 39-47]. This strategy is based on a function that increases the counting time used at each step in the scan in a manner that is inversely proportional to the decline in reflection intensity that inevitably results from the combined effects of Lp factor, scattering factor and thermal vibration. The present work extends the VCT function to include the effects of reflection multiplicity, cylindrical-sample (capillary) absorption and monochromator polarization. The new algorithm has been incorporated into a PC computer program and applied to the collection of data from samples of LaB 6, tourmaline, forsterite and boehmite. Subsequent analysis of the data using the Rietveld method has shown that VCT data can produce more accurate atomic coordinates and site occupancies, lower residual 'noise' in difference Fourier maps and more stable refinement of 'light' atoms.
Introduction
A number of factors act to decrease progressively the observed reflection intensities in a powder pattern as the diffraction angle increases up to about 100°20; above this angle, the intensities slowly increase again. For X-ray data, the dominant factor is the Lorentzpolarization (Lp) term, with smaller contributions from the form-factor and the atomic displacement (thermal-vibration) parameters. The effects of sample absorption (when Debye-Scherrer capillary specimens are used) and reflection multiplicity partially compensate for this decline, but the net result is a change in intensity that can be larger than two orders of magnitude across the pattern.
In spite of this intensity decline, diffraction data for Rietveld analysis are universally collected using the same counting time for each step in the pattern. As a result, peaks at high angles are collected with substantially lower precision than those at low angles, even though the high-angle peaks show an increase in effective peak width and subsequent increase in the ~:~ 1994 International Union of Crystallography Printed in Great Britain -all rights reserved number of contributing step intensities. This is unfortunate since the middle and upper regions of a diffraction pattern have a much higher information (peak) density that the lower section. Although the presence of possibly poor counting statistics at high angles could be avoided by counting the entire pattern for longer times, this (i) leads to excessively long data-collection times and (ii) can produce incorrect parameter variances in Rietveld analysis (Hill & Madsen, 1987) and does nothing to change the relative precision of the intensity measurements at different values of 20.
In order to circumvent this problem of nonuniform counting statistics, Madsen & Hill (1992) developed a variable-counting-time (VCT) strategy. This strategy increases the step counting time in a manner that is inversely proportional to the decline in peak intensity resulting from the combined effects of Lp factor, scattering-factor fall-off and thermal vibration. The work showed that the benefits of using a variablecounting-time data-collection regime are that (i) the weighted profile R factor is substantially lower (owing to the better determination of the weaker high-angle reflections);
(ii) the goodness of fit is much closer to unity [-since all the peaks are collected with close to optimal counting statistics (Hill & Madsen, 1987) ];
(iii) atomic coordinates are better determined, especially for light atoms;
(iv) there can be significant savings of instrument time (for the same resultant accuracy and precision); (v) quantitative determination of phase abundance is more reliable (since the effects of some samplerelated aberrations, for example extinction, are reduced).
The present work extends this VCT strategy to include (i) use of the full Lp formula (including correction for the additional effects of polarization when a crystal monochromator is used); (ii) use of a simple equation to model the effects of reflection multiplicity; and (iii) a formula to model the effects of absorption of the X-ray beam by the sample when cylindrical geometry is used. We are aware of only one other study addressing angle-dependent intensityloss compensation. David (1992) has proposed an optimized data-collection strategy based on a complex simulated-annealing algorithm that is used to determine the best counting time for minimizing the variances of the structural parameters of interest. We are unable to comment in detail on this work as it has appeared, so far, only in the form of an abstract.
In the present study, the results of Rietveld refinements using the VCT data are compared with those of refinements using data collected with equal-step-time conditions. Particular attention is focused on the relative accuracy of (i) atomic coordinates and thermal parameters, (ii) atomic site occupancies and (iii) the electron density in 'difference' Fourier maps.
The variable-counting-time algorithm
If the effects of crystal structure are ignored, the variation in the intensity, I, of the peaks in a diffraction pattern can be reduced to the influence of the five angle-dependent factors in the following equation:
where f is the scattering factor of the atoms in the structure, Lp is the Lorentz-polarization factor, TC is the thermal-vibration correction, M is the reflection multiplicity and A is the absorption factor for a cylindrical sample.
The equations used to model the scattering factor and thermal correction by Madsen & Hill (1992) have not been changed during the course of this work and are not discussed further here. However, amendments to the Lp factor have been made and the effects of M and A have been added, as described below, in turn. The net result of the inclusion of all these terms is a simple algorithm that accurately describes the average angular variation of powder-pattern reflection intensities.
Lorentz-polarization factor
If a monochromator is present in the diffractometer system, then additional polarization effects arise from diffraction from this crystal. The formula used to calculate the Lorentz-polarization is then (2) where 0 is the Bragg angle of diffraction and ~ is the Bragg angle for the monochromator crystal. The first term on the right-hand side of (2) is the Lorentz factor while the second term is the full polarization factor. Fig. 1 shows the variation in the Lp factor [(2)] as a function of 20 angle using an ~ value of 13.15°20 (appropriate for a graphite crystal and Cu K~ radiation). For X-rays, the Lp factor is the dominant effect in terms of variation as a function of 20, changing by a factor of about 400 across the pattern (Madsen & Hill, 1992) . Removal of the effects of a crystal monochromator only slightly reduces this variation. Note that, for neutron diffraction, where polarization effects are absent, the Lorentz factor (L) still changes by a factor of about 200 across the pattern; this relationship is plotted as a dashed line in Fig. 1 .
Reflection multiplicity
On average, powder diffraction reflections at high 20 angles will have higher multiplicity than those at low angles, primarily because the general reflections (which have the highest multiplicities) occur more frequently at higher angles. Thus, the effect of reflection multiplicity is to increase the peak intensities, in partial compensation for the decline in intensity resulting from Lp, thermal-vibration and scattering-factor effects. In fact, the multiplicity of individual reflections is highly dependent on the crystal symmetry of the material being studied, so that the difference in average multiplicity between low and high angles will be largest for higher symmetry phases.
In order to determine the functional form of this increase, a series of pattern calculation runs was performed on hypothetical phases with various point symmetries. The unit-cell dimensions were chosen to ensure a constant unit-cell volume of 500/~k 3 for all symmetries.* The calculated reflection-multiplicity values were then averaged within 5 ° blocks of 20 to * Note that changes in the volume of the unit cell will affect neither the functional form of the equations nor their magnitude. However, the 20 position of the flattening of the curve will change as the volume changes. The chosen value of 500 ,~,3 represents an average value for many crystalline materials studied using Rietveld analysis. 
where M is the average reflection multiplicity and a and b are variables. Fig. 2 shows the curves derived for five crystal systems; the multiplicity for the reflections in triclinic phases is, of course, constant at a value of 2 and has not been plotted. Fig. 2 shows that, for cubic materials, an intensity increase by a factor of 6 to 8 in the high-angle region can be expected from reflection-multiplicity changes alone. The increase for monoclinic materials, however, is much less; typically a factor of 1 to 2.
It is worth noting that, while there is a general increase in peak density up to angles of about 110°20 and a decrease thereafter (Hill, 1992) , the change will be greater for phases with low crystal symmetry and/or large unit-cell volumes. The higher peak densities and hence peak overlap at high angles will result in an effective increase in the observed step intensities. However, this effect is sample dependent and has not been included in (1), which applies to the general case.
Absorption factor
For conventional flat-sample Bragg-Brentano geometry, sample absorption decreases the intensities of all peaks equally, that is, there is no variation in peak intensity as a function of 20 (Cullity, 1978) . Hence, there is no need to include a correction in the VCT model. However, for the cylindrical samples used in the Debye-Scherrer method, the effect of sample absorption is to decrease the intensity of the low-angle peaks relative to the high-angle data. The magnitude of the decrease is determined by the value of/~R (where /~ is the linear absorption coefficient of the sample and R is the sample radius). Fig. 3 shows the normalized variation in sample transmission as a function of 0 for various values of ~R. By way of example, for ruffle (TiO2) packed in a 0.5 mm-diameter capillary tube, with Cu K0e radiation, pR is about 4.0. These values lead to a relative increase in the high-angle intensities by a factor of 12 compared with the low-angle peaks. On the other hand, a sample of corundum (0~-A1203) has a/iR value of about 1.0, which results in a relative intensity change of only about 1.5 across the pattern (Fig. 3) .
The correction for sample absorption has been included in the new VCT algorithm primarily because Hill & Madsen (1991) adapted a conventional Bragg-Brentano powder diffractometer for use with capillary specimens in order to reduce the effects of preferred orientation in the samples. It is noted, however, that cylindrical geometry is commonly used at synchrotron-radiation installations and these samples will require the inclusion of a sample absorption factor.
The effects of reflection multiplicity, sample absorption and monochromator polarization have been added to the VCT-strategy algorithm developed earlier by Madsen & Hill (1992) to provide the full implementation of (1). This equation is used to calculate the expected relative intensity at each point in the step-scan powder pattern. The counting time to be used at each step is then adjusted according to the total experimental time available to the user. The strategy uses shorter counting times at low 20, where diffracted intensities are high, longer times at medium-to-high 20 to compensate for the lower intensities and then progressively shorter times at the top end of the pattern where intensities begin to rise again (Fig. 4) . The net result of the use of this algorithm is the collection of a powder pattern with essentially constant counting statistics.* Further details of the VCT algorithm can be found in Madsen & Hill (1992) . The algorithm has been coded into a small user-friendly program entitled XRDTIME, developed for the PC and written in Microsoft Fortran77 V5.1. The program uses data-collection conditions entered by the user but defaults to commonly encountered values if none are supplied, and writes a file of commands for diffractometer control. These commands are currently written for the Philips PWl710 diffraction controller but could easily be modified for other diffractometer-control systems if necessary. Fig. 4 shows the results of using XRDTIME to calculate the step counting times for a sample of corundum using Cu Kct radiation and different thermal-parameter values (B = 0.5 and 3.0 A2). The algorithm provides for a range of counting times over the pattern that may vary by a factor of as much as 30 to 40. The effect of the larger thermal parameter is to increase the step time at high 20, with a compensating decrease in the step times at low 20. These variable counting times may be compared with the intensity increase produced when an automatic divergence slit (ADS) is used. Although the ADS also results in a relative increase in peak intensity at high diffraction angle, the ADS variation does not match either the form or the range of the variation produced by the VCT strategy and thus does not provide near-constant counting statistics across the powder pattern (Fig. 4) . * We note, in passing, that the effects of particle size and/or microstrain broadening are not modelled in (I) since they do not change integrated peak intensities. However, they do change peak widths, so that the application of the standard VCT algorithm to heavily broadened patterns will not produce a uniform distribution of step intensities. 
Experimental
Data were collected with Cu K~ radiation from samples of the NIST (National Institute of Standards and Technology)standard reference material SRM660 (LAB6), and the minerals tourmaline (from Greenbushes, Western Australia) and forsterite (Glen lnnes, New South Wales, Australia) in order to provide details of the advantages that accrue from the use of a VCT strategy in Rietveld analysis. In addition, data were collected from a sample of boehmite, prepared from finely divided synthetic gibbsite (supplied by Comalco, Australia). For tourmaline and forsterite, several grams of sample were coarsely ground for about 1 min in a small tungsten carbide SiebTechnik mill. Approximately 2 g of this material were then ground in a McCrone micronizing mill* for a further 10 min g-z using ethyl alcohol as the grinding medium. The slurry was centrifuged, decanted and dried at 378 K. No further sample preparation was required for the LaB 6 and boehmite samples. All samples were side-drifted into the X-ray diffraction sample holders. The data were collected at 298 K using a Phillips PW1050 goniometer fitted with a PWl710 diffraction controller and a curved graphite post-diffraction monochromator. The X-ray source was a coppertarget long fine-focus X-ray tube operated at 40 kV and 40mA. The beam was defined using 1 ° divergence, 0.3 mm receiving and 1 o scatter slits. Soller slits were inserted in both the incident and diffracted beams. Data were collected from 10 to 160°20 for boehmite and tourmaline, and from 15 to 160°20 for LaB6 and forsterite. A step width of 0.025 ° was used for all data sets. Further details of the data-collection procedures can be found in Hill & Madsen (1986) .
Conventional fixed-counting-time (FCT) data sets were collected for LAB6, forsterite and tourmaline using the 'optimum' step counting times recommended by Hill & Madsen (1987) . That is, the time was adjusted to give approximately 10 000 counts on the most intense peak in the pattern. VCT data sets were then collected using the same total data-collection times as the corresponding FCT data sets. For the more weakly scattering boehmite sample, a longer counting time was used for the FCT data; approximately 40 000 counts were accumulated on the most intense peak. The boehmite VCT data were collected using the same total collection time as the boehmite FCT data set.
Rietveld refinements were performed using the program RIET7, a local modification of the software of Hill & Howard (1986) and Wiles & Young (1981 unit-cell dimensions were refined. The background was modelled using a four-parameter polynomial in 20 with coefficients ranging from 0 to 3 inclusive. A pseudo-Voigt function was used to model the peak shape. The peak width was allowed to vary across the pattern using the three-parameter polynomial function in tan 0 determined by Caglioti, Paoletti & Ricci (1958) . The peak shape was varied using a twoparameter polynomial in 20 for LaB 6 and tourmaline and a three-parameter polynomial in 20 for forsterite and boehmite. Further details of the refinement procedures and conditions are provided by Hill & Madsen (1991) . The final R factors produced at the end of the Rietveld refinement are shown in Table 1 .
Results and discussion

Tourmaline
The crystal structure of tourmaline (Na,Ca)(Mg,-Fe)3AI6(BO3)3Si6OIs(OH)4 is moderately complex, with 26 atomic coordinates and 12 thermal-vibration parameters to be refined, including those of the very 'light' atoms boron and hydrogen. In addition, most tourmalines vary in composition, requiring the refinement of a number of site-occupation factors. The powder diffraction patterns collected with the FCT and VCT strategies are shown in Fig. 6 .* Full Rietveld refinements were undertaken with all of the H atoms and the B atom (normally located in the structure at x = 0.11, y = 0.22, z = 0.46) omitted. Fig 7 shows the difference Fourier maps through the plane containing the missing B atom, calculated at the conclusion of the Rietveld refinements with fixed-and variable-counting-time data sets. Both Fourier maps show that the position of the boron peak is well defined and clearly above the background. This is in spite of the complexity of the crystal structure, the severe peak overlap present in the powder diffraction pattern and the relatively poor scattering ability of "~ strategy. The pattern exhibits the usual decrease in peak intensity as a function of angle; in this case, the , ratio of low-to high-angle peak intensities is about ~ 0.~ 15 to 20. By way of contrast, Fig. 5(b) shows the ~ pattern for LaB 6 collected with the VCT strategy. The ~. peak intensities are clearly more uniform in r, magnitude in Fig. 5(b) , even though it was collected ~.0 with the same total experimental time as the FCT fl.fl pattern in Fig. 5(a) . A comparison of the results of Rietveld refinement for this simple material shows no significant differences between the parameters for the VCT and FCT data sets. boron. The advantages accruing from the use of the VCT strategy (Fig. 7b) are (i) the height of the boron peak is greater for the VCT data that for the FCT data, namely 0.154 versus 0.097 e A -3, and (ii) the residual 'noise' (i.e. the numbers and magnitudes of the 'peaks'and 'troughs') surrounding the boron peak is much less for the VCT data.
Forsterite
Forsterite is a member of the olivine group of minerals, with the ideal formula Mg2SiO 4. The structure has the magnesium distributed between two independent sites designated Mt (0,0,0) and M 2 (x,y, 0.25) and the oxygen distributed over three independent sites O1 (x, y, 0.25), 02 (x, y, 0.25) and 03 (x, y, z). In addition, the material used in the present study had some replacement of magnesium by iron resulting in the formula Feo.197Mgt.8o3SiO 4. The FCT and VCT diffraction patterns for this sample are shown in Fig. 8.* The results of refinement of the level of substitution in the M 1 and M2 sites, using VCT and FCT data sets, are summarized in Table 2 . The refinement conditions constrained the amount of iron to be equal in the two sites since the work of Basso, Dal Negro, Della Guista & Rossi (1979) and Will & Nover (1979) shows that there is almost equal partitioning of the iron between M~ and M2 in olivine * See deposition footnote. samples of similar composition. There is excellent agreement, within one e.s.d., between the iron content determined from the VCT data sets and that obtained from chemical analysis using X-ray fluorescence (XRF). However, the estimate of the iron content using the FCT data deviates from the XRF estimate by about 5 e.s.d.'s. Table 3 shows the refined values of the thermalvibration parameters determined from VCT and FCT data. The VCT values are more uniform in magnitude and generally closer to the single-crystal values for synthetic forsterite determined by Fujino, Sasaki, Takeuchi & Sadanaga (1981) 
Boehmite
The diffraction patterns for boehmite (~,-AIOOH) collected using both fixed and variable step-counting times are shown in Fig. 10 .t For the non-H atoms, the refined atom positions obtained using both FCT and VCT data sets agree well with the published single-crystal X-ray data of Hill (1981) quoted values for the FCT data could only be obtained by fixing the thermal parameter at a value of B = 2.5 A z to ensure refinement stability. If the thermal parameter and atomic coordinates were released simultaneously, the refinement became unstable and produced meaningless results. However, for the VCT data set, the refinement of the H-atom coordinates and thermal parameter proceeded in a smooth and stable manner and the refined coordinate values all agree well with the single-crystal and neutron values. This result was achieved in spite of the fact that (i) hydrogen is a very poor scatterer of X-rays, (ii) the H atom in boehmite is disordered between two equivalent sites (i.e. the refined position is statistically only 50% occupied) and (iii) the maximum recorded count for the VCT data set is only 3200 counts, much less than for the corresponding FCT data set (43 000 counts).
Concluding remarks
The present work has refined the variable-countingtime strategy developed earlier by Madsen & Hill (1992) by the inclusion of the angular-dependent effects of monochromator polarization, thermal vibration and reflection multiplicity. The application of the strategy has been extended to include the determination of the effect of VCT on residual electron densities, atomic site occupancies and thermal-vibration parameters.
The advantages of VCT outlined by Madsen & Hill (1992) have been confirmed for the determination of atomic coordinates. In addition, it is clear that, for samples studied in the present work:
(i) Detection of residual electron density (through the use of difference Fourier maps) is more sensitive using VCT data than FCT data. Not only are the peaks in the Fourier map larger but the 'noise' in the surrounding areas is considerably less.
(ii) The determination of phase chemistry through refinement of site-occupation factors is more accurate using VCT data.
(iii) Refinement of the position and thermal parameters of very light atoms, including H atoms, in crystal structures is more likely to be stable using VCT data, thus yielding more accurate results.
